The lysosomal storage disease MPS VII (mucopolysaccharidosis type VII) is caused by a deficiency in β-glucuronidase activity, and results in the accumulation of partially degraded glycosaminoglycans in many cell types. Although MPS VII is a simple monogenetic disorder, the clinical presentation is complex and incompletely understood. ERT (enzyme replacement therapy) is relatively effective at improving the clinical course of the disease; however, some pathologies persist. In order to clarify the molecular events contributing to the disease phenotype and how ERT might impact upon them, we analysed liver tissue from untreated and treated MPS VII mice at both 2 and 5 months of age using biochemical assays and microarray analysis. Overall, as the disease progresses, more genes have altered expression and, at either age, numerous transcriptional changes in multiple pathways appear to be refractory to therapy. With respect to the primary site of disease, both transcriptional and post-transcriptional mechanisms are involved in the regulation of lysosomal enzymes and other lysosome-associated proteins. Many of the changes observed in both lysosome-associated mRNAs and proteins are normalized by enzyme replacement. In addition, gene expression changes in seemingly unrelated pathways may account for the complex metabolic phenotype of the MPS VII mouse. In particular, β-glucuronidase deficiency appears to induce physiological malnutrition in MPS VII mice. Malnutrition may account for the pronounced adipose storage deficiency observed in this animal. Studying the molecular response to lysosomal storage, especially those changes recalcitrant to therapy, has revealed additional targets that may improve the efficacy of existing therapies.
INTRODUCTION
The lysosome has many functions, ranging from degrading macromolecules and organelles to processing peptides for antigen presentation [1] . In a group of inherited metabolic disorders referred to as LSDs (lysosomal storage diseases), the loss of an acid hydrolase results in the accumulation of partially degraded substrates in the lysosomes of many cell types [2] . The mucopolysaccharidoses are a subset of lysosomal enzyme deficiencies that result in the inability to completely degrade GAGs (glycosaminoglycans). MPS VII (mucopolysaccharidosis type VII) is caused by a deficiency in GUSB (β-glucuronidase) activity [3] . MPS VII is a progressive disease resulting in the accumulation of heparan sulphate, dermatan sulphate and chondroitin sulphate in many cells of the body. Patients with MPS VII have a broad spectrum of clinical signs, including hearing and visual impairment, mental retardation, skeletal dysmorphism and shortened lifespan [4] . One murine model of MPS VII has a single basepair deletion in exon 10 of the GUSB gene, is deficient in GUSB enzyme activity, and shares most of the clinical signs of the human disease [5] [6] [7] .
Although MPS VII is a simple monogenetic disease, it results in a complex biochemical and clinical phenotype. The underlying molecular events that occur as the disease progresses are incomAbbreviations used: BMT, bone marrow transplantation; (CI-)MPR, (cation-independent) mannose-6-phosphate receptor; ERT, enzyme replacement therapy; GAG, glycosaminoglycan; GUSB, β-glucuronidase; HRP, horseradish peroxidase; IGFBP, insulin-like-growth-factor-binding protein; LAMP-1, lysosome-associated membrane protein 1; LSD, lysosomal storage disease; MPS VII, mucopolysaccharidosis type VII; NEFA, non-esterified fatty acid; RT-PCR, reverse transcriptase-PCR; TBS, Tris-buffered saline; TGN, trans-Golgi network. 1 To whom correspondence should be addressed (e-mail msands@im.wustl.edu).
pletely understood. For example, as GAGs accumulate in distended lysosomes, the levels of certain other lysosomal enzymes increase [8] . Paradoxically, however, substrates other than GAGs also accumulate in affected cells [9] . It is unlikely that this secondary accumulation is due to deficiencies in other lysosomal enzymes, but rather suggests that there may be a global lysosome dysfunction associated with GUSB deficiency. In addition to the complex biochemical phenotype, there are also secondary clinical phenotypes linked to GUSB deficiency. For example, the MPS VII mouse was originally identified as the ASD (adipose storage deficiency) mouse due to the paucity of abdominal fat stores [10] . Very little is known as to how GUSB deficiency results in the adipose-deficient phenotype. It has also been shown that genetic heterogeneity can affect the clinical presentation, but it is unclear what role modifying genes play in the primary and secondary phenotypes [11] .
The MPS VII mouse has been used extensively as a model system for studying methods designed to treat LSDs. These include BMT (bone marrow transplantation), ERT (enzyme replacement therapy), gene therapy and combination therapy [12, 13] . These therapies have been effective in alleviating many of the clinical signs of this disease. However, not all the clinical phenotypes are completely corrected. For example, the skeletal dysplasia is not completely rescued by any of the treatments, even if the therapy is initiated at birth when lysosomal storage is minimal [13] [14] [15] . Although normalized early in life by BMT, hearing defects become progressively worse as treated mutants age [16] . Even though retinal function is improved following BMT, some histopathological lesions persist in the eye [17] . Finally, even with persistent high-level expression of GUSB from a gene therapy vector, lifespan and auditory function are not completely normalized [15] . Understanding why these approaches only partially correct the disease phenotype may uncover additional therapeutic targets.
The complexity of the biochemical and clinical phenotypes and the inability to correct these defects completely led us to perform comprehensive biochemical and molecular analyses of untreated and treated MPS VII mice. Using standard biochemical assays and DNA microarray analysis, we have determined some of the primary and secondary alterations in the livers of MPS VII mice at both 2 and 5 months of age. We have also determined how ERT affects these changes. Our data support early intervention. In addition, previously unknown alterations in other metabolic pathways were discovered. Importantly, we identified numerous transcriptional alterations resistant to ERT. This information will enhance our understanding of the disease process, and may provide additional targets for effective therapy.
EXPERIMENTAL MPS VII mice and ERT
The MPS VII colony is maintained as a pedigree colony through strict brother-sister matings at Washington University by M. S. Sands. Wild-type (+/+) and mutant MPS VII (B6.C-H-2 bml / ByBir-gus mps/mps ) mice were identified by a combination of biochemical and PCR genotyping [18] . All mice were fed on highfat (9 %) PicoLab Mouse Chow 20 #5058 ad lib. (LabDiet/PMI Nutrition International, St Louis, MO, U.S.A.). All animal experiments were approved by the IACUC (Institutional Animal Care and Use Committee) at Washington University.
Two separate sets of male wild-type MPS VII mice and MPS VII mice that received ERT were analysed at 2 and 5 months of age. For the 2-month time point, three 7-week-old homozygous mutant MPS VII males received the first of three weekly intravenous injections of GUSB, and will hereafter be referred to as 2moERT mice. The 2moERT mice were then killed 48 h after the last injection. For the 5-month time point, three 21-22-week-old mutant MPS VII males received the first of three weekly intravenous injections of GUSB, and will hereafter be referred to as 5moERT mice. The 5moERT mice were also killed 48 h after the last injection. The 2moERT mice received 19 000 units of a 1:1 mixture of highly phosphorylated (produced in mammalian cells) and non-phosphorylated (produced in baculovirus) GUSB in 200 µl of dilution buffer [150 mM NaCl/10 mM Tris/HCl (pH 7.5)/1 mM β-glycerophosphate] [19] . The 5moERT mice received 25 000 units of GUSB containing approx. 70 % phosphorylated and 30 % non-phosphorylated enzyme, as determined by differential uptake in fibroblasts or macrophages, in 150 µl of dilution buffer [20] .
Histopathology
Portions of liver were individually immersed in 2 % glutaraldehyde/4 % paraformaldehyde (w/v) in PBS, and embedded in Spurr's resin. Sections of tissue (0.5 µm in thickness) were stained with Toluidine Blue and evaluated for lysosomal storage by light microscopy.
Oligonucleotide microarray analysis
Three mice each from the wild-type (+/+), MPS VII (gus mps /gus mps ) and ERT-treated MPS VII groups were used for isolating liver tissue. RNA was purified according to the manufacturer's specification from liver tissue using TRIzol ® reagent (Invitrogen, Carlsbad, CA, U.S.A.). The integrity of the RNA was confirmed by formaldehyde-agarose gel electrophoresis. To control for animal-to-animal variation, equal amounts of RNA from the three mice in each group were pooled. Double-stranded cDNA was prepared from 10 µg of pooled RNA using an oligo(dT) primer containing the T7 promoter. In vitro transcription utilizing the Bioarray High Yield kit (Enzo, Farmingdale, NY, U.S.A.) was used to create biotinylated cRNA probes. After fragmentation, the cRNA was hybridized to the MU74Av2 GeneChip (Affymetrix, Santa Clara, CA, U.S.A.). Signals from the hybridized cRNA were quantified, and Microarray Suite 5.0 (Affymetrix) was used to make comparisons between GeneChips. Microarray data were only included in our analyses if the mRNA was determined to be present at a P value of 0.04 with a signal value 100 (after comparison) in both wild-type mice and the experimental group (either MPS VII or MPS VII ERT-treated mice). BLAST analysis (National Center for Biotechnology Information) was used to identify genes not annotated by Affymetrix, and includes GenBank ® identities used to derive probes.
Quantitative RT (reverse transcriptase)-PCR analysis
For most of the genes analysed by quantitative RT-PCR, 10 µg of pooled total RNA from each group was used to prepare cDNA. Owing to the low abundance of mRNA for the CI-MPR (cation-independent mannose-6-phosphate receptor), as well as the lysosomal enzymes β-hexosaminidase, α-galactosidase and α-N-acetylglucosaminidase, 1 µg of polyadenylated [poly(A) + ] RNA was used to prepare cDNA. Quantitative RT-PCR measuring increasing fluorescence of the SYBR Green dye in real time utilizing the TaqMan 5700 sequence detection system (Applied Biosystems, Foster City, CA, U.S.A.) was performed. Three or four serial dilutions of cDNA were used to create a standard curve from cycle thresholds allowing for comparisons between samples. A standard curve of cycle thresholds for glyceraldehyde-3-phosphate dehydrogenase was used to normalize between the groups. All PCR reactions were performed in duplicate. Sequences for the primer sets are available from the authors upon request.
Biochemistry
Portions of liver from all the mice used for the microarray analysis were flash-frozen in liquid nitrogen and stored at − 80
• C. The samples were homogenized in buffer containing 150 mM NaCl, 10 mM Tris/HCl, pH 7.5, 1 mM dithiothreitol and 0.2 % (v/v) Triton X-100, and assayed for the amount of total protein using the Coomassie Blue dye-binding assay (Bio-Rad, Hercules, CA, U.S.A.). The activities of the lysosomal enzymes GUSB, α-galactosidase, β-hexosaminidase and α-N-acetylglucosaminidase were determined using the fluorescent substrates 4-methylumbelliferyl β-D-glucuronide, 4-methylumbelliferyl α-D-galactoside, 4-methylumbelliferyl β-D-glucosaminide and 4-methylumbelliferyl N-acetyl-α-D-glucosaminide (Sigma, St Louis, MO, U.S.A.) respectively, as described previously [14] . The results are reported as specific activities (nmol of 4-methylumbelliferyl released/h per mg of total protein). The activity of acid sphingomyelinase was assayed with the Amplex Red Sphingomyelinase Assay Kit (Molecular Probes, Eugene, OR, U.S.A.) [21] . The specific activity for acid sphingomyelinase is reported as arbitrary fluorescence units/h per mg of total protein.
Western blot analysis
Protein homogenates were prepared from the livers of the 9-weekold wild-type, MPS VII and ERT-treated MPS VII mice. Liver tissue was homogenized (1 µg per 25 µl of buffer) in ice-cold RIPA buffer [150 mM NaCl/50 mM Tris/HCl (pH 8.0)/1 mM EDTA/0.5 % sodium deoxycholate/0.1 % (w/v) SDS/0.1 % Nonidet P40/0.01 % sodium azide/1 % protease inhibitor cocktail (Sigma)], incubated for 10 min on ice, and centrifuged at 16 000 g in a microcentrifuge at 4
• C. Supernatant was removed and stored at − 80
• C. Supernatants were assayed for total protein using the Coomassie Blue dye-binding assay. Samples containing equal amounts of protein were prepared, denatured by boiling for 10 min in RIPA buffer, and loaded on to a 6 % (w/v) acrylamide gel with a 5 % stacking gel. Protein was transferred overnight to nitrocellulose with the Mini Trans-Blot Transfer Cell (BioRad). , were added to the filter for 1 min and exposed to Kodak (Rochester, NY, U.S.A.) film. A separate filter was incubated overnight with a rat anti-mouse LAMP-1 (lysosome-associated membrane protein 1) antibody (Pharmingen, San Diego, CA, U.S.A.) diluted 1:600 in blocking buffer, then probed as described above using a goat anti-rat secondary antibody (Amersham Biosciences, Uppsala, Sweden) diluted 1:6000. Another filter was incubated overnight with a rabbit anti-bovine CI-MPR antibody (kindly given by Dr. S. Kornfeld at Washington University) diluted 1:750 in blocking buffer, then probed as described above using a donkey anti-rabbit secondary antibody (Amersham) diluted 1:2000. Confirmation that equal amounts of protein homogenates were loaded on to the gels was determined by re-probing two of the filters (LAMP-1 and CI-MPR) with an anti-β-actin antibody (Sigma) diluted 1:5000 in blocking buffer. A second gel was used for controlling the levels of protein homogenates used for detecting the mannose receptor. The β-actin antibody was detected by incubation with sheep anti-mouse HRP (Amersham) diluted 1:10 000 in 1 × TBS/0.1 % Tween 20, and exposed as described above. Changes in protein levels were measured semiquantitatively using the densitometry function of the IS-1000 digital imaging system (Alpha Innotech, San Leandro, CA, U.S.A.) to measure films exposed for different lengths of time.
Plasma chemistries
For the plasma chemistries, wild-type mice, mice heterozygous for MPS VII and homozygous MPS VII mice were fasted for 4-6 h, and then bled from the saphenous vein with heparinized capillary tubes (Fisher, Hampton, NH, U.S.A.). The whole blood was collected in EDTA-containing Microtainer collection tubes (Becton Dickson, Franklin Lakes, NJ, U.S.A.). Plasma was collected by centrifugation by spinning at 2940 g for 5 min. Total cholesterol (Sigma), triacylglycerols (Sigma) and non-esterified fatty acids (Wako, Richmond, VA, U.S.A.) were analysed in duplicate as described previously [22] .
Statistical significance was determined using the two-tailed Student's t test assuming equal variance.
RESULTS

Reduction of liver lysosomal storage by ERT
MPS VII mice are known to accumulate small amounts of partially degraded GAGs in cells of the reticuloendothelial system (Kupffer cells) of the liver as early as 15.5 days gestation [23] . By weaning, storage is consistently seen in Kupffer cells, endothelial cells and hepatocytes of the liver. The accumulation of storage is progressive as the animals age.
In order to address the progressive nature of the disease and to determine the effect of ERT on lysosomal storage as the mice age, untreated and treated MPS VII mice at either 2 or 5 months of age were analysed and compared with age-matched wild-type mice. At both time points, untreated MPS VII mice have pronounced lysosomal storage in the liver. However, MPS VII mice at either age that are given a regimen of three injections of recombinant GUSB spaced 1 week apart have substantially reduced storage ( Figure 1A ). The levels of GUSB activity in the ERT-treated MPS VII mice were 6.1 % and 17.9 % those of normal levels at the 2-and 5-month time points respectively (Figure 1B) . Intravenously administered recombinant GUSB, both phosphorylated and non-phosphorylated, has previously been shown to have a half-life of between 36 and 50 h [19, 24] . Based on the input dose, the t 1/2 of the enzyme, and the levels of GUSB at the time of killing (48 h after the final injection), the levels of GUSB throughout the treatment regimen probably never fell below 1-3 % of normal liver levels. Previous studies have shown that as little as 1-2 % of normal enzyme levels are sufficient to virtually eliminate storage [25, 26] . In addition, after elimination of lysosomal storage by ERT, the reappearance of identifiable lysosomal storage in the liver was delayed for approx. 4 weeks [27] . Therefore we believe the enzyme regimen used in the current study was efficacious throughout the treatment period, and thus liver tissue derived from these mice could serve as an example of a tissue that was responsive to therapy.
Global changes in mRNA expression
As mentioned previously, the accumulation of partially degraded GAGs begins shortly before birth and gradually increases with age. The clinical course of the disease also becomes increasingly complex. We used microarrays to examine gene expression on an organ-wide scale. Portions of liver from the same mice described in Figure 1 were used as the source of RNA from which cDNA was prepared. Levels of mRNA in MPS VII animals that were both detectable and whose expression changed by 2-fold or greater, as compared with age-matched wild-type mice, were analysed further.
We noticed two general trends. First, as the untreated MPS VII animals age from 2 to 5 months, the number of genes with expression changes of 2-fold or greater increases from 23 to 76 (Figures 2A and 2B ). Secondly, of the genes with 2-fold or greater changes in expression, a similar percentage of them return to baseline (i.e. less than a 2-fold change) following ERT at both 2 months and 5 months. At 2 months of age and with an average of 6.1 + − 2.9 % of the mean wild-type enzyme activity, the expression levels of 52 % of the altered genes returned to wild-type levels. Similarly, at 5 months of age and with an average of 17.9 + − 2.3 % of the mean wild-type enzyme activity, 51 % of the genes with altered expression returned to the baseline ( Figure 2B ). The number of genes with altered expression after ERT was approx. 3-fold higher in the 5moERT animals when compared with the 2moERT animals. Importantly, at both time points, approx. 50 % of the genes did not completely respond to therapy, or were resistant to therapy.
Confirmation of microarray results by real-time RT-PCR
Quantitative RT-PCR was used as an independent method to confirm the gene expression changes of a selected set of genes identified using the microarray technology. We selected both lysosome-associated and non-lysosomal genes for confirmation analysis. The trend (increased or decreased) of the expression changes detected by microarray analysis was confirmed by quantitative RT-PCR (Table 1 , 'Non-lysosome associated genes' group). However, the magnitudes of the changes obtained by quantitative RT-PCR were greater than those obtained by GeneChip for Cyp4a14, IGFBP2 (insulin-like-growth-factor-binding protein 2), metallothionein 1 and SAA-2 (serum amyloid A gene-2).
Alterations in lysosomal proteins
Within cells that have established lysosomal storage, the size and number of lysosomes increase over time. Because of this increase, one might predict that, on average, there would be more lysosomal proteins per cell in the disease state. Therefore we compared changes in the mRNA levels and activities of several lysosomal enzymes in liver tissue. The activities of β-hexosaminidase, α-galactosidase and α-N-acetylglucosaminidase were elevated in MPS VII mice at both 2 months (6.5-, 3.5-and 3.6-fold respectively) and 5 months of age ( Figures 3A-3D ). In contrast, acid sphingomyelinase activity was decreased 1.3-fold at 2 months of age.
When we measured mRNA levels of the four lysosomal enzymes mentioned above by microarray analysis, three out of four of them were undetected at 2 months of age, and the fourth (acid sphingomyelinase) had a small, but less than 2-fold, change (Table 1) . Using the more sensitive quantitative RT-PCR technique, we observed a small increase in the mRNA for β-hexosaminidase (2.62 + − 1.07-fold), α-galactosidase (2.06 + − 0.38-fold), α-N-acetylglucosaminidase (1.39 + − 0.22-fold), and acid sphingomyelinase (1.52 + − 0.25-fold) at 2 months of age compared with wild-type levels (Table 1 ). In the group of lysosomeassociated genes that were detectable and had a change in expression by microarray analysis, a trend for subtle (less-than-2-fold) increases in message that was more pronounced at 5 months of age than at 2 months of age was observed. These increases at 5 months of age tended to be reduced by therapy (Table 2) .
Table 1 Quantitative RT-PCR analysis on selected genes
Selected genes whose expression was changed 2-fold or greater (Non-lysosome-associated genes) at 2 months in the livers of MPS VII mice compared with wild-type mice were independently tested by quantitative RT-PCR. Lysosome-associated genes were also analysed by quantitative RT-PCR. Values reported (means + − S.D.) are fold increases (↑) or decreases (↓) in comparison with wild-type mRNA levels. Asterisks indicate mRNA species which were undetected by microarray analysis in wild-type liver at 2 months. det., mRNA was detected in the experimental group (MPS VII or MPS VII ERT) but undetectable in the wild-type group at that time point; NC, no change in expression levels compared with wild-type (the numbers following in parentheses show actual data from quantitative RT-PCR analysis); n.d., mRNA was not detected. CD-MPR, cation-dependent MPR; Cyp4a14 is a novel murine P450 gene; GalA, α-galactosidase; HexB, β-hexosaminidase; Naglu, α-N -acetylglucosaminidase; SAA-2, serum amyloid A gene-2; Smpd1, acid sphingomyelinase; VCAM-1, vascular cell adhesion molecule-1.
GeneChip
Quantitative An increase in LAMP-1 was also observed in the MPS VII mice. A Western blot of liver homogenate from 2-month-old MPS VII mice probed with an anti-LAMP-1 antibody detected an approx. 3-fold increase in LAMP-1 protein ( Figure 4A ). In contrast with the transcriptional changes observed with lysosomal hydrolases, LAMP-1 mRNA was not increased in the MPS VII livers at either 2 months (Table 2 ) or 5 months (results not shown) of age. However, at 5 months of age, the mRNA for an alternatively spliced variant of LAMP2, LAMP2b [28] , was increased 2.3-fold in the MPS VII mice (see the Supplemental Table at http://www. BiochemJ.org/bj/379/bj3790461add.htm). Interestingly, LAMP2a expression was not changed.
We hypothesized that there may be changes in the levels of proteins involved in lysosome trafficking, in addition to the changes in the levels of various proteins in the mature lysosome. Microarray analysis did not detect any change in the mRNA levels of the mannose receptor (Table 1 ). In contrast, the mRNA for the CI-MPR was not detected by microarray in MPS VII mice. A small decrease in mannose-receptor mRNA (1.84 + − 0.14-fold) and CI-MPR mRNA (1.56 + − 0.32-fold) was detected by quantitative RT-PCR in MPS VII liver tissue. Western blots of both receptors showed little change in protein in the MPS VII disease state (Figures 4B and 4C) . The mRNA levels of the cationdependent MPR were unchanged by either microarray or quantitative RT-PCR (Table 1) . Genes implicated in the transportation of cargo from the TGN (trans-Golgi network) to the late endosome and finally to the mature lysosome were also analysed for transcriptional changes at the 5-month time point. The AP (adaptor protein)-1 or the AP-3 complex components [29] that were detected on the GeneChip showed no transcriptional changes. Neither Rab7 mRNA (with Rab7 being implicated in transport to the lysosome [30] ) nor Rab9 mRNA (with Rab9 being required for MPR recycling from the late endosome to the TGN [31] ) were changed in the disease state. In addition, syntaxin 7 and VAMP-7 (vesicle-associated membrane protein 7), which are involved in lysosome fusion [32] , were unchanged (results not shown).
Altered gene expression occurs in multiple metabolic pathways
The morphology of Kupffer cells in an MPS VII liver is grossly distorted ( Figure 1A ). Hepatocytes accumulate less storage and maintain their overall morphology. However, hepatocytes as well as Kupffer cells may be adapting to the gross morphological changes observed in the Kupffer cells. Several cell-adhesion genes, such as those for Ly-6A/E, N-cadherin and VCAM1 (vascular cell adhesion molecule 1), were up-regulated at various ages. At 5 months of age, Myo1b, Cappa2 (capping protein α2) and CDC10/Septin7, all of which interact with the cytoskeleton, were also up-regulated (Table 3) [33] [34] [35] .
The growth hormone/IGF axis may also be disrupted in the MPS VII mice. Both IGFBP1 and IGFBP2 were increased at both 2 and 5 months of age. Additionally, at 5 months of age, expression of the growth-hormone receptor was increased (Table 3) .
The original report of the MPS VII mouse as the adiposestorage-deficiency mouse directed our attention towards genes involved in lipid metabolism [10] . At 5 months of age, genes involved in the production of fatty acids, such as those for pyruvate kinase, fatty acid synthase, acyl-CoA synthase 4 and 5 -desaturase, had increases in expression (Table 3) . Acyl-CoA synthase 4 specifically utilizes arachidonic acid, and studies of this protein suggest that the acyl-CoA that it produces is fated for triacylglycerol or phospholipid synthesis [36] . Additionally, 5 Table 1 ).
Table 2 Lysosome-associated genes with altered expression in MPS VII mice compared with wild-type mice
Values reported are fold increases (↑) or decreases (↓) in comparison with wild-type mRNA levels. NC, no change in expression levels compared with wild-type.
MPS VII MPS VII ERT MPS VII MPS VII ERT
Gene name
Age (months) . . .
The second pathway that emerged is involved in the biogenesis and cellular efflux of cholesterol. Genes involved in virtually the entire cholesterol-synthesis pathway had an increased expression at 5 months of age. SREBP1 (sterol-regulatory-element-binding protein 1) mRNA was also induced by an appreciable degree (1.5-fold over wild-type). The genes for ABCA1 (ATP-binding cassette transporter A1) and ApoA-IV (apolipoprotein A-IV), Western blot analysis was performed on liver homogenates from 2-month-old normal (+/+), MPS VII (−/−) and enzyme-replaced MPS VII (ERT) mice. The blots were probed with antibodies directed against LAMP-1 (A), the mannose receptor (Man. R.) (B), and the CI-MPR (C). Equal amounts of protein were loaded in each lane, and the blots were probed with an anti-β-actin antibody as a loading control.
which are implicated in reverse cholesterol transport, had elevated expression at the 5-month time point (Table 4) [37, 38] . In agreement with results published previously [10] , plasma cholesterol was significantly reduced in the MPS VII mice compared with homozygous and heterozygous controls at 5 months of age [61 + − 18 mg/dl for MPS VII homozygous mice (n = 13) compared with 105 + − 17 mg/dl for wild-type/heterozygous mice (n = 20); P < 0.0001]. Importantly, a group of 4.5-month-old MPS VII mice that were given ERT according to the regimen described in the Experimental section, and which resulted in an average of 15.6 + − 3.9 % of the mean wild-type levels of GUSB, had cholesterol levels that were not normalized by the therapy [56 + − 6 mg/dl for ERT-treated MPS VII mice (n = 3); P < 0.65]. Notably, the increases in mRNA for genes of the cholesterolbiosynthesis pathway in MPS VII mice were only partially normalized by ERT (Table 4) . Interestingly, we also found significantly less plasma cholesterol (P < 0.01) in 3-month-old MPS VII mice (n = 4) compared with homozygous and heterozygous controls (n = 10; results not shown).
DISCUSSION
ERT is becoming the therapy of choice for several LSDs. A better understanding of the molecular consequences of this approach will lead to further improvements. In order to identify additional molecular targets that may increase the efficacy of ERT, we determined the biochemical and molecular effects of both GUSB deficiency and ERT. Although the progressive accumulation of partially degraded GAGs affects multiple organ systems in the MPS VII mouse, we chose to study the liver for several reasons. First, the liver is severely affected by this disease. Both hepatocytes and Kupffer cells accumulate storage material and have lysosomal distention that is easily visible by light microscopy. Secondly, the liver responds well to various therapies. In particular, the lysosomal distention present in both hepatocytes and Kupffer cells can be virtually eliminated by ERT in as little as 48 h [20] . Thirdly, the relatively small number of cell types in the liver would allow for easier interpretation of microarray results. The liver is composed primarily of two cell types: hepatocytes (80-85 %) and Kupffer cells (15-20 %) . Finally, the liver directly interacts with multiple organ systems. Therefore we thought that the liver might provide insights into primary and secondary adaptations to LSD on both an organ and organismal level. LSDs are progressive metabolic disorders in which the clinical presentation becomes increasingly severe and complex. MPS VII is no exception. Altered gene expression was more evident at 5 months of age than at 2 months of age. Notably, after ERT at either time point, numerous transcriptional alterations persisted. It is possible that with higher doses of enzyme or longer treatment regimens more of these changes would have been normalized. Although the reduction in lysosomal distention is virtually identical regardless of whether the therapy is initiated early in life or later, the clinical outcome is different [13, 20] . In addition, although therapy initiated early in life, rather than later, results in a more complete clinical response, some pathologies persist. These observations suggest that there are disease-related changes, that cannot be studied by conventional clinical assays. Moreover these observations also suggest that there are clinical defects that are caused by secondary alterations that may be completely unrelated to the levels of accumulating intralysosomal GAGs. This is highlighted by the fact that numerous transcriptional changes persist at both 2 and 5 months, even after histological evidence of lysosomal storage is absent. The results reported here identify a set of molecular markers that probably contribute to the secondary disease phenotype and, therefore, are potential targets for improving existing therapies.
One property of many LSDs is the secondary elevation of both lysosomal membrane proteins and other lysosomal enzyme activities [8] . Often, the alterations of these proteins are only partially normalized by ERT. The mechanisms behind the expansion of lysosomes and their constituents are poorly understood. A series of studies have identified transcriptional alterations that may account for some of these changes. Brooks et al. [39] observed a reduction in mRNA levels (> 2-fold) of two lysosomal enzymes in the brains of MPS VII mice in response to gene therapy. In contrast, Potratz et al. [40] saw no increase in mRNAs for several lysosomal hydrolases in mouse models of GM2 gangliosidoses and prosaposin deficiency. The differences in the studies cited above may reflect variability between cellular responses to the accumulation of lipids compared with GAGs. However, it remained unclear whether the changes in transcription accounted completely for the changes in protein or activity levels. The data presented here strongly suggest that both transcriptional and post-transcriptional mechanisms are involved in the increases in enzyme activity, since the magnitude of the increased expression (1-2-fold) is less than the increase in activity (3-6-fold). Conversely, the increase in LAMP-1 appears to be regulated primarily by post-transcriptional mechanisms.
The decrease in acid sphingomyelinase activity in MPS VII liver tissue at 2 months of age and the larger reduction at 5 months may be due to inhibition by GAGs, as has been observed with other lysosomal enzymes [41, 42] . This decrease is significant, since the sphingomyelin content in cells can affect the rate of cholesterol synthesis. It has been shown previously that, when sphingomyelin was added to cells, cholesterol synthesis was increased [43] . This could contribute to the increase in expression of genes involved in cholesterol biosynthesis observed in this study. Enzyme replacement, while normalizing sphingomyelinase activity, only partially corrected the changes in cholesterol biosynthesis genes.
Interestingly, the machinery necessary for the transport of intracellular and extracellular lysosomal proteins appears to be intact. For instance, there were no large increases in the protein levels of the mannose receptor or the CI-MPR. This finding is significant, since it was previously unknown how GAG accumulation affected these receptors, and both receptors are involved in the uptake of recombinant enzyme during ERT [19] . In addition, there were no transcriptional increases in the mRNAs for several other proteins involved in transport from the TGN to the lysosome or in the endosomal system. This suggests that wild-type levels of these proteins can keep pace with the expansion of lysosomes in the diseased state.
A common finding in patients with MPS is short stature. MPS VII mice are noticeably smaller than their wild-type littermates. The mice have osteoclast defects that contribute to their bone disease and smaller size [44] . However, it is also possible that an altered growth hormone/IGF axis affects the bone growth and overall mass of MPS VII animals. In support of this hypothesis, the expression of the genes for IGFBP1 and IGFBP2 was upregulated in MPS VII mice at both time points. IGFBPs regulate the available amount of free IGFs in the serum. Interestingly, transgenic mice that overexpress IGFBP1 or IGFBP2 have reduced body size [45] .
Both the biochemical and transcription data in the current study suggest that GUSB deficiency may induce physiological malnutrition in the MPS VII mice, which leads to the profound adipose storage deficiency. An animal model that may provide insights into the adipose storage deficiency observed in MPS VII is the chylomicron-deficient mouse. The chylomicron-deficient mouse represents an animal model of fat malabsorption [46, 47] . These mice have normal levels of circulating NEFAs [47] and triacylglycerols, yet lower levels of high-density lipoprotein/ cholesterol [46] . In addition, these mice have very low adiposity. Also, lipogenesis, cholesterogenesis and triacylglycerol synthesis are all increased in the liver. The MPS VII mouse has many of these same molecular changes, in addition to the adipose storage deficiency.
In the original description of the GUSB-deficient mouse that noted the adipose storage deficiency, the storage of fatty acids only occurred in the form of liver triacylglycerols [10] . It was also reported that the mice had lower levels of cholesterol, in agreement with the results reported in the present study. Consistent with the observations in chylomicron-deficient mice, we observed normal levels of NEFA and triacylglycerols, as well as increased expression of genes involved in lipogenesis, cholesterogenesis and triacylglycerol synthesis. The induction of lipoprotein lipase expression, a gene not normally expressed in the adult mammalian liver, at 5 months of age in MPS VII mice compared with wild-type mice (MPS VII P value for detection of < 0.04, 7-fold higher signal than the background signal of wildtype) suggests that the liver is in greater need of NEFAs than normal (results not shown). This is consistent with the increased expression of lipid and triacylglycerol synthesis genes.
The alterations in the expression of lipid metabolism genes, consistent with malnutrition, and the adipose storage deficiency may all be specific to the MPS VII mouse. However, some of the metabolic changes observed in MPS VII mice may be common to other LSDs in mouse and human. For example, we also see an adipose storage deficiency in mouse models of MPS type I and Niemann-Pick type A/B (J. Woloszynek and M. S. Sands, unpublished work). In addition, it is possible that the proposed malnutrition could be the result of reduced ingestion of nutrients or malabsorption. Malabsorption of dietary fats in humans can result in episodes of diarrhoea. There are anecdotal reports that patients with MPS II and MPS III can suffer from chronic, sometimes severe, diarrhoea [4] .
This study represents a comprehensive identification of global transcriptional changes in the livers of MPS VII and enzymereplaced MPS VII mice in comparison with wild-type mice. The changes in transcription that are not normalized by ERT represent additional therapeutic targets which could increase the efficacy of this approach. In addition, both transcriptional and posttranscriptional mechanisms account for the primary lysosomal defects observed in MPS VII mice. Also, alterations in several seemingly unrelated pathways could account for the complex phenotype of these animals. Finally, this data set will serve as a resource for future experiments designed to understand further the pathology of other MPSs and LSDs, and to improve the efficacy of existing therapies.
